Nonpathogenic mutants ofXanthomonas campestris pv. glycines 8ra were generated with N-methyl-N-nitro-N'-nitrosoguanidine to identify and characterize pathogenicity genes of the bacterium. A total of 16 nonpathogenic mutants were isolated from 2,000 colonies. One mutant, NP1, was chosen for further study.
Xanthomonas campestris pv. glycines causes bacterial pustules on susceptible soybean cultivars. The disease symptoms are due primarily to hypertrophy of host mesophyll cells (20) , which can result in premature defoliation of infected plants. Yields are lowered because of reduced seed size (47) , and under certain environmental conditions, serious economic losses can occur.
The mechanisms used by phytopathogenic bacteria to invade plants are very complex and poorly understood. Physiological studies to identify factors involved in diseases caused by X. campestris pathovars have given largely inconclusive or negative results. For example, work from Daniels' laboratory (8, 45) indicated that proteases, cellulases, and pectinases do not play a direct role in the diseases caused by X. campestris pv. campestris. The possible role of auxins in causing bacterial pustule has been investigated previously (12) , but it appears unlikely that such hormones play a major role in the development of the disease. X. campestris pv. glycines is capable of producing indoleacetic acid from tryptophan; however, the hormone is produced in vitro by both pathogenic and nonpathogenic strains (12) .
Pathogenicity genes of X. campestris pv. campestris have been isolated by others (7, 46) , and TnS mutagenesis and marker exchange allowed them to define a 10-kb region containing a cluster of genes involved in pathogenicity (46) . It was suggested that the pathogenicity genes in the region may be involved in the secretion of proteins fromX. campestns pv. campestris by controlling translocation across the outer membrane (9) . Avirulence genes from X. campestris pv. vesicatoria (3), X. campestris pv. malvacearum (14) , and X. campestris pv. oryzae (22) have been isolated. Genes that determine a host range have been cloned from X. campestris pv. translucens (28) . This paper describes research to identify and characterize genes of X. campestris pv. glycines 8ra * Corresponding author. that are involved in pathogenicity. Preliminary reports of this work have appeared elsewhere (17, 18) .
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used are listed in Table 1 . All X. campestris pv. glycines strains are derivatives of strain 8ra.
Media, antibiotics, and other chemicals. Strains of X.
campestrs pv. glycines were cultured on YDC agar medium (37) or in L broth (26) at 30°C. All Escherichia coli strains were grown in L agar or L broth at 37°C. The concentrations of antibiotics were as follows: rifampin, 50 ,ug/ml; tetracycline, 15 ,g/ml for E. coli and 5 p,g/ml for X. campestris pv. glycines; and ampicillin, 50 p,g/ml. All antibiotics, N-methyl-N-nitro-N'-nitrosoguanidine (NTG), and Sephadex G-50 were purchased from Sigma Chemical Co. (St. Louis, Mo. Plasmids  pLAFR3  pWB5A  pRK2013  pJS133  pTZ18  pTZ19  pIH1  pIH5  pIH6  pIH7  pIH8  pIH10  pIH11  pSR2  pSR3  pSR5  pSR21  pSR31  pSR51  pSR10  pSRll  pSR12  pSR13  pSR21a  pSR21b  pSR5la  pSR200a Phages M13mpl8 and M13mpl9
F-hsdS20(rB mB) recAl3 leuB6 ara-14proA2 lacYl galK2 rpsL20(Strr) xyl-S mtl-l supESS F-480d lacZAM15 endA41 recAl hsdRJ7(rK-mK-) supE44 thi-I gyrA96 A(lacZYAargF)U169 (23) . The GenBank data base (release 61.0) and the EMBL nucleotide data base (release 22) were searched to find significant homology with known DNA sequences. Both the Genbank data base and the Swiss-Prot protein sequence data base (release 13) were searched by using FASTA (34) and PATMAT (16) programs, respectively, to find whether the two putative polypeptides had any similarity to known proteins.
Nucleotide sequence accession number. The sequence shown in Fig. 5 has been assigned GenBank accession no. M64094.
RESULTS
Generation of nonpathogenic mutants. Following treatment of X. campestns pv. glycines 8ra with NTG, 2,000 separate colonies were chosen at random and tested for pathogenicity on soybean cotyledons. Sixteen nonpathogenic mutants (0.8%) were isolated (Table 1) . A soybean cotyledon inoculated with one of the nonpathogenic mutants (NP1) is shown in Fig. 1 . Mutants that failed to produce the characteristic yellow pigment in culture and auxotrophic mutants were obtained at a frequency of about 1.0%.
The parental strain (8ra) and all nonpathogenic mutants produced a yellow pigment, were prototrophic, and formed smooth colonies. Like strain 8ra, the 16 nonpathogenic mutants produced protease but not cellulase or pectatedegrading enzymes (data not shown). When NP1 was inoculated into a susceptible soybean cultivar, the number of cells remained constant for about 7 days and then declined to approximately 10% of that present at the time of inoculation. In contrast, the number of cells of the parent strain (8ra) increased about 10-fold during the first 6 days after inoculation and then remained nearly constant (Fig. 2) . Neither 8ra nor NP1 was able to induce a hypersensitive reaction on tobacco; however, P. syringae pv. glycinea 61, a positive control, gave a typical hypersensitive reaction 16 to 24 h after being infiltrated into tobacco leaves (data not shown).
Complementation. By transfer en masse, the library was able to complement the leu phenotype of E. coli HB101 (leu pro) at a frequency of 5 x 10-. When the genomic library was transferred en masse into a colorless mutant of X. campestris pv. glycines by mating, 1 of 500 transconjugants of the mutant showed complementation of the mutant phenotype (data not shown).
The library was transferred en masse into mutant NP1 by mating, and 500 separate transconjugants were chosen at random for pathogenicity assays. The nonpathogenic mutant phenotype was complemented in one of these transconjugants. The cosmid from the single transconjugant (pIHl) was isolated, transferred into E. coli HB101 by transformation, and mobilized back into NP1 to confirm the complementation. A total of 10 NP1 transconjugants, chosen at random and inoculated into soybean cotyledons, had all regained pathogenicity. The bioassay of one of these is shown in Fig.  1 . pIH1 also restored the ability of NP1 to multiply in soybean cotyledons (Fig. 2) . pIHl complemented 3 other nonpathogenic mutants (IV-3, IV-6, V-5) but failed to restore pathogenicity to the other 12 mutants.
Deletion analysis and subcloning. A restriction map of pIH1 was constructed with 10 different restriction enzymes ( Deletions were made in pIH1 to define regions within the 31-kb insert that were responsible for the restoration of pathogenicity to NP1. pIH1 DNA was digested with HindIII, EcoRI, or BamHI and religated to yield pIH5, pIH6, and pIH7 (Fig. 3) . The 10-kb HindIII fragment at the left end of the 31-kb pIH1 insert was subcloned into pLAFR3, and the recombinant plasmid was designated pIH8 (Fig. 3) . The four plasmids pIH5, pIH6, pIH7, and pIH8 (Fig. 3) were each introduced into the four nonpathogenic mutants, NP1, IV-3, IV-6, and V-5, by mating. Transconjugants carrying the deletion plasmids were inoculated into soybean cotyledons. pIH5 did not restore pathogenicity to any of the mutants. Mutants NP1 and V-5, containing pIH6 or pIH7, occasionally showed very weak symptoms that appeared only 7 to 10 days after inoculation (Fig. 3) . pIH8 was able to restore pathogenicity to NP1 and V-5 but not to IV-3 and IV-6 (Fig.  3 ). These results suggest that genes responsible for restoration of pathogenicity to mutants NP1 and V-5 are located on the 10-kb HindIII fragment contained in pIH8.
Homology of the 10-kb HindmI fragment with DNA from other xanthomonads and pseudomonads. The 10-kb HindIII fragment from pIH8 was hybridized to EcoRI restriction fragments of DNA from X. campestris pathovars glycines, vesicatoria, malvacearum, oryzae, and campestris and P. syringae pathovars glycinea and tabaci DNA that had been separated by agarose gel electrophoresis. In addition to two predicted EcoRI fragments, of 9 kb and 6 kb, from X. campestris pv. glycines 8ra, the 10-kb fragment hybridized to a 22-kb fragment. These three bands were detected in digests of DNA from all X. campestris pv. glycines isolates. Hybridization to EcoRI fragments from X. campestis pathovars vesicatoria, malvacearum, oryzae, and campestris was also detected, although the fragment sizes were different. No hybridization to digested DNA of P. syringae pathovars glycinea and tabaci was detected (data not shown).
Tn3-HoHol mutagenesis of p1H8. To define further the location of the pathogenicity genes present in the pIH8 insert and to begin preliminary experiments to determine the regulatory properties of the genes, pIH8 in E. coli C2110 was subjected to Tn3-HoHol mutagenesis. A , and pIH7, respectively. The 10-kb HindIII fragment from pIH1 was subcloned into pLAFR3 to produce pIH8. The four plasmids pIH5, pIH6, pIH7, and pIH8 were each introduced into the four nonpathogenic mutants, NP1, IV-3, IV-6, and V-5, by mating. Transconjugants carrying the deletion plasmids were inoculated into soybean cotyledons. The transconjugants produced (+) or did not produce (-) symptoms on soybean cotyledons or produced weak symptoms 7 to 10 days after inoculation (+/-). 10-kb HindIII fragment, and 26 independent inserts were identified (Fig. 4) . Plasmids containing these Tn3-HoHol insertions were introduced into mutant NP1 by mating, and the transconjugants were tested for pathogenicity (Fig. 4) . Plasmids carrying insertions 56, 68, 17, 29, 38, and B35 had lost their ability to complement the nonpathogenic phenotype. These results indicate that three regions, two of which are in a 2.7-kb ClaI fragment and one of which is in a 2.1-kb BamHI-XbaI fragment, are important for pathogenicity. The 2.7-kb ClaI fragment, containing the regions defined by mutants 65 through 24, and the 2.1-kb BamHI-XbaI fragment, containing the sites of Tn3-HoHol insertions in mutants 7 through 16, were individually cloned into pWB5A, and the recombinant plasmids were designated pIH10 and pIH11, respectively. Plasmids pIH10 and pIH11 were mobilized into NP1, but neither was able to complement the mutant phenotype.
The expression of ,-galactosidase activity by the 26 X. campestris pv. glycines transconjugants and by E. coli DH5Sc containing the same 26 plasmids was determined on complex medium or on M9 minimal agar medium containing glucose, glycerol, arabinose, lactose, or galactose as a carbon source. Only inserts B15, B13, B21, and B35, located in the right end of the 10-kb HindIII fragment, expressed 3-galactosidase activity (Fig. 4) . ,-Galactosidase activity was enhanced in the presence of IPTG and was observed with both bacterial species, and expression was unaffected by the carbon source. Preliminary experiments failed to detect factors from soybean plants capable of inducing P-galactosidase activity in the insertion mutants.
DNA sequence analysis. Both strands of the 2.7-kb ClaI fragment were completely sequenced by single-or doublestranded DNA sequencing. Analysis of sequence data revealed that there are two possible ORFs (ORFi and ORF2) within the fragment, both in the same strand but in different reading frames (Fig. 5) . ORFi starts with an ATG at nucleotide 871 and terminates at nucleotide 1410 with TGA. It comprises 540 bases with a G+C content of 68.9% that could encode a polypeptide of 180 amino acids (18,681 Da) (Fig. 5) . ORF2 comprises 642 bases and could encode a polypeptide of 214 amino acids (Fig. 5) . The G+C content of ORF2 is 59.4%, and the molecular mass of the putative polypeptide is 23,474 Da. The G+C content of the entire 2.7-kb ClaI fragment is 64%. Both ORFs have putative E. coli ribosomal binding sites (Fig. 5) , but no E. coli consensus promoter sequences were found. Both polypeptides potentially encoded by ORFi and ORF2 had a high number of hydrophobic amino acids (Fig. 5) (24) showed considerable homology with the carboxy terminus (between amino acids 131 and 214) of the putative polypeptide encoded by ORF2 (Fig. 6 ). The two polypeptides have 23% identical and 35% conserved amino acids (Fig. 6) . The predicted patterns of transmembrane a-helices of the region, calculated by Rao and Argos probability parameters (35) , were similar but displaced by 3 to 5 residues (data not shown).
Construction of pSR2la, pSR2lb, pSR5la, and pSR200a and expression of ORF1 and ORF2 with cat fusions in vitro. A 1.7-kb SmaI fragment was deleted from pSR5 to construct pSR51 (Table 1 and Fig. 7) , which carries only ORF2, and a 1.0-kb SmaI fragment from pSR2 was deleted to construct pSR21 (Table 1 and Fig. 7) , which carries only ORF1. Since a lacZ fusion in ORF2 (17 in Fig. 4 ) had an orientation opposite to the direction of transcription, the expression of ORF2 could not be determined. For expression studies with ORF2 and to confirm the expression of ORF1, a promoterless cat gene from pJS133 (40) was inserted into appropriate restriction sites of ORFi and ORF2. The cat cassette DNA, generated from SimaI digestions of pJS133, was inserted into the BalI site of pSR21 in both orientations, resulting in pSR21a and pSR21b (Table 1 and Fig. 7) . The DNA fragment produced by BamiII digestion of pJS133 was inserted into the BglII site of pSR51 in only a single orientation to give pSRSla (Table 1 and Fig. 7) . A containing the cat cassette in ORF2 was cloned into pWB5A, resulting in pSR200a (Table 1 and Fig. 7) . Transformants of E. coli DH5ao containing pSR5la were resistant to 50 ,ug of chloramphenicol per ml; however, transformants of E. coli DH5a containing pSR21a and pSR21b were sensitive to that concentration (Fig. 7) . Transconjugants of X. campestris pv. glycines 8ra and NP1 containing pSR200a were resistant to 15 ,ug of chloramphenicol per ml, whereas parent strain 8ra was sensitive to 5 ,ug/ml (Fig. 7) . A 2.3-kb fragment containing a cat cassette from pSR21a could not be cloned into pWB5A, because deletions occurred both in the vector and in the insert.
DISCUSSION
Transposon insertion mutagenesis has been used successfully to study genes involved in the interactions of P.
syringae and some strains of X. campestris pathovars with plants (31) . Tn4431 (39) appears to be useful with some strains of X. campestris pv. campestris, and more recently, Omegon-Km (11) has also been used with that pathovar.
Attempts to generate insertion mutants of X. campestris pv.
glycines with several transposons (TnS in pGS9 [38] , TnlO in pBEE104 [10] , and TnSOI in pMD100 [10] ) were made, but this approach was unsuccessful. Therefore, NTG was used to generate nonpathogenic mutants. The development of a rapid cotyledon bioassay for pathogenicity allowed us to screen large numbers (up to 2,000 colonies per day) of X. campestris pv. glycines colonies from cultures that had been treated with NTG. By this method, 16 prototrophic nonpathogenic mutants were obtained. This was approximately the same frequency (1%) with which auxotrophic and pigmentless mutants were found. As none of the nonpathogenic mutants showed other phenotypic differences from the wildtype strain, NP1 was chosen at random for further study.
The lack of growth of NP1 on soybean cotyledons suggested that its nonpathogenic phenotype might be related to its inability to replicate in soybean plants. This phenotype has also been observed for nonpathogenic insertion mutants A. MQPDVGSILLLVVILPFAA NVVTSYTKIVVVIGLtNAIGVQQVPPNIVLNGVALL _________________   70  80  90  100  110  120 A. VSCFVMAPVGMEAFKAAQNYGAGSDNSRVVVLLDACREPFRQFlLKHTIREREKAFFMRSA (8) .
hrp mutants of P. syringae pathovars phaseolic syringae (33) (Fig. 4) (15) . Supporting this is the fact that pIHl comple-)v. phaseolimented IV-3 and IV-6 but that neither pIH5 nor pIH8 did. (Fig. 5 ). Tn3-HoHol insert 17 in ORF2 was npestris, altherefore inserted in an orientation opposite to the direction virulence in of transcription, whereas Tn3-HoHol inserts 56 and 68 were in the same orientation as the transcription (Fig. 5) . This :ola (25) (5) . The G+C contents of the 2.7-kb fragment (64%) and ORF1 (68.9%) were within the average range ofX. campestris. In terms of codon usage of ORF1 and ORF2, G and C were used more frequently in position 3 than A and T, which is typical of microorganisms with high G+C content. The G+C content of ORF2 (59.4%) was relatively low by comparison, but not as low as that of avrB (46%) and avrC (47%) from P. syingae pv. glycinea race 0, which is also an organism with high G+C content (44) . It was suggested that avrB and avrC might have been relatively recently introduced into P. syringae pv. glycinea from another source (44) .
The function of the putative polypeptide encoded by ORF1 is unknown. However, the putative polypeptide encoded by ORF2 showed some similarity to the gamma subunit of oxaloacetate decarboxylase from K pneumoniae. This protein is a trimer containing single alpha, beta, and gamma subunits. The alpha subunit is thought to be cytoplasmic, and the beta and gamma subunits are membrane associated and thought to be involved in sodium transport (24) . The similarities between the hydropathy plots, the amino acid sequences, and the predicted tertiary structures of the gamma subunit of oxaloacetate decarboxylase and the putative polypeptide encoded by ORF2 suggest that the polypeptide might be membrane associated and possibly involved in ion transport. In addition, the putative transmembrane region contains two negatively charged (glutamic acid) amino acids in the region consisting of 144 through 166. Charged residues located in the intramembrane portions of the beta subunit of oxaloacetate decarboxylase are suspected of being functionally important for ion transport; however, no charged residues in the putative membranespanning helix of the gamma subunit were found (24) . The functions and regulatory properties of pathogenicity genes are currently under investigation.
